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Abstract
Daniels, Janice Lynn. M.S. The University of Memphis. August, 2015 Intestinal Adaptations of
Male Rats to Endurance Exercise and Diet. Major Professor: Randal K. Buddington, PhD.
Carbohydrate absorption may limit the benefits of carbohydrate ingestion during endurance
exercise. Intestinal structural and functions adaptations were investigated in response to a vegan
Daniel Fast diet (DF) or a Western Diet (WD), with or without endurance exercise training
(DFE, DFS, WDE, WDS). Male Long-Evans rats (n=28, aged 3-4 weeks) were assigned to the
two diets and were either exercise trained by treadmill running or were sedentary for the 13 week
intervention. Structural parameters significantly affected by diet (p<0.05) include villus height,
crypt depths, intestine length and mass. Exercise significantly affected the percentage of mucosa
in the proximal small intestine and several histological measurements (p<0.05). Functionally,
WDE rats had higher proximal maltase activity (p = 0.04), but did not have higher rates of
glucose uptake. A surprising findings is the intestine adapts to endurance exercise by reducing
mass while maintaining carbohydrate digestion.
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Intestinal Adaptations of Male Rats to Endurance Exercise and Diet
Sports nutrition has evolved from focusing on methods to improve glycogen stores to
improving carbohydrate availability and hydration status in endurance athletes during exercise.
Carbohydrate availability as a substrate for the muscle and central nervous system is crucial for
the performance in prolonged aerobic exercise. It is now recognized that carbohydrate ingestion
during prolonged exercise increases exercise capacity and improves performance (Coyle,
Coggan, Hemmert, & Ivy, 1986; Jeukendrup et al., 1999; Jeukendrup, 2004). A better
understanding of how current nutrition strategies are processed in the gastrointestinal tract (GIT)
will further enhance efforts to improve performance.
Delivery of carbohydrates to the muscle is the crucial step and appears to be limited by
intestinal absorption of monosaccharides (Duchman et al., 1997; Jentjens, Moseley, Waring,
Harding, & Jeukendrup, 2004; Jentjens and Jeukendrup, 2005). The monosaccharides glucose
and fructose are absorbed from the lumen via the transporters SGLT1 (sodium glucose cotransporter) and GLUT5, respectively, which are located in the brush border membrane (Ferraris
& Diamond, 1989, 1997). In order to reach maximal carbohydrate availability during prolonged
exercise, carbohydrate transporters should be saturated and have little competition, which can be
accomplished by providing mixed carbohydrate sources that are absorbed via multiple
transporters (Jentjens et al., 2004; Jentjens & Jeukendrup, 2005). For example, a glucose +
fructose combination resulted in approximately 50% (Jentjens & Jeukendrup, 2005) more
exogenous carbohydrate oxidation than glucose alone and peaked at 1.75 g/min (Jentjens &
Jeukendrup, 2005). Carbohydrates other than glucose can also be used. For example,
maltodextrin (glucose polymer) is a popular oligosaccharide used in many carbohydrate "sport
drinks" because it is easily digested and is absorbed as rapidly as free glucose when ingested
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with fructose (Wallis et al., 2005). A comparison of different proportions of fructose and
maltodextrin in an electrolyte solution consumed during cycling demonstrated high intensity
endurance exercise performance benefitted from solutions containing 4.5% fructose with 9%
maltodextrin for a ratio of 0.5 fructose relative to maltodextrin (O'Brien & Rowlands, 2011). A
more recent study from the same group suggests a higher proportion of fructose (0.8) is
beneficial (O’Brien et al., 2013). Interestingly, the ratios of 0.5 to 0.8 are comparable to ratios
for rates of fructose absorption relative to glucose (Solberg & Diamond, 1987). Increasing rates
of intestinal absorption will increase exogenous carbohydrate availability and oxidation which
can result in better performance. Optimal carbohydrate solutions still need to be determined on
the basis of matching the amounts and types of carbohydrate to digestion.
There is evidence that high-carbohydrate diets increase exogenous carbohydrate
oxidation (Cox et al., 2010). This suggests that over a prolonged period of time (28 days)
carbohydrate transporters in the intestine may become up-regulated and increase carbohydrate
availability, hence oxidation. Elite marathoners have been able to implement nutritional
strategies into periodized training programs that increased the ability to oxidize exogenous
carbohydrate during races (Stellingwerf, 2012). However, the impact on the intestine was not
determined.
Nutritional strategies can indeed be used to produce adaptations within the body that
improve endurance exercise performance. For instance, endurance exercise is well known for
improving cardiac and metabolic functions. The prime measure of cardiac adaptation to
endurance exercise is the VO2 max (Rivera-Brown & Frontera, 2012). VO2 max is the product
of maximal cardiac output and arteriovenous difference in oxygen content (Rivera-Brown &
Frontera, 2012). Meaning, the heart increases its ability to pump more oxygenated blood to
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working muscles (increased stroke volume). Over time the increase in VO2 max can cause
increases in muscle blood flow, capillary densities, and muscle cell mitochondrial densities.
These cardiac and metabolic adaptations increase the ability of muscle cells to produce energy
during exercise using intramyocellular lipids (IMCLs), muscle glycogen, and exogenous
carbohydrate intake. In muscles, training in a fasted, low glycogen state increases muscle
oxidation capacities and net IMCL breakdown (van Proeyen, 2011). Another nutritional strategy
involves ingesting carbohydrates during prolonged endurance exercise to delay muscle glycogen
depletion by providing exogenous carbohydrate and therefore, extending the time to fatigue
(Coyle, 1986).
Endurance athletes have become more interested in vegan or vegetarian diets in recent
years. These healthier diets provide adequate nutrition to fuel endurance exercise (Eisinger,
1994) and can improve factors affecting the cardiac profile (Bloomer et al., 2010). One vegan
diet, “The Daniel Fast,” provides many beneficial effects on cardiac and metabolic factors. This
plan bases its origin from the Biblical Book of Daniel and exemplifies a stringent vegan diet that
prohibits all animal products, sweeteners (natural and unnatural), processed foods, flavorings,
preservatives, additives, alcohol and caffeine (Alleman, Harvey, Farney, & Bloomer., 2013;
Bloomer et al., 2010). Fruits, vegetables, legumes, whole grains, nuts, seeds and oil may be
eaten ad libitum while following the Daniel Fast (Alleman et al., 2013; Bloomer et al., 2010). In
contrast, a “Western Diet” that consists of high caloric loads, high in saturated fats and refined
carbohydrates, as well as a high intake of sodium and cholesterol can negatively affect health and
the gut (Cordain et al., 2005). What is not currently known is whether exercise training
compared with a sedentary lifestyle, and a heart healthy vegan diet versus a highly processed
Western diet affects GIT absorption of the substrates needed by muscle for energy production

3

Based on the above, the goal of this study is to investigate possible adaptations of the GIT to
chronic endurance exercise and diet in male rats. These adaptations could manifest as structural
adaptations of the intestine that increase absorptive surface area or as functional adaptations that
increase absorptive capacity. It is possible that the GIT could adapt to endurance exercise and
diet by increasing nutrient absorption and overcome limitations of carbohydrate availability to
working skeletal muscles during prolonged endurance training or competitions, thereby allowing
for increased exercise capacity and performance.
Methods
Overview of Experimental Design
An animal (rat) model was used in the design of this study due to the invasive nature of
studying the gastrointestinal tract for functional and structural adaptations. This allowed for a
more in depth analysis of tissue adaptations that is presently not possible in humans. The
digestive organs of the rat are comparable to humans and rats can be adapted to treadmill running
protocols (Moraska, 2000).
To determine whether chronic exercise and/or diet causes intestinal adaptations, male
Long-Evans rats (n=28, aged 3-4 weeks) were purchased from Harlan Laboratories, Inc.
(Indianapolis, IN). Upon arrival to the facility, all rats were individually housed in USDA
approved animal facilities at The University of Memphis main campus. Animals were initially
maintained on a 12:12-h light-dark cycle. Animals had a two week acclimation period to the
animal care facility including familiarization to the cage, to the assigned diet (by increasing the
proportion of the assigned diet while reducing the proportion of standard rat chow), and to the
handlers. In addition, animals underwent familiarization to the treadmill during of three separate
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days (i.e., walk on treadmill for 5 minutes at 20 m/min). The animals were also transitioned to a
reverse 12:12-h light-dark cycle (3:00am/3:00pm) during this two-week time period.
Dietary and Exercise Intervention
Animals were randomly assigned to one of four intervention groups: Western Diet with
exercise WDE (n=7); Western Diet without exercise (sedentary) WDS (n=7); Daniel Fast with
exercise DFE (n=7); Daniel Fast without exercise DFS (n=7). Both diets were purchased from
Research Diets, Inc. (New Brunswick, NJ) in pellet form. The Western Diet was formulated to
mimic a typical human Western diet, containing 17% protein, 43% carbohydrate, and 40% fat
(Table 1). The Daniel Fast diet had a macronutrient profile of approximately 15% protein, 60%
carbohydrate, and 25% fat. These nutrient profiles meet the energy and nutrient requirements of
rats but not necessarily the appropriate carbohydrate:fat:protein ratio of 60:30:10 for runners
(Eisinger, Plath, Jung, & Leitzmann, 1994). Furthermore, the diet differed in the proportions of
saturated fats and refined sugars, with both much higher in the WD (Table 2). This was made
possible by the use of different ingredients (Table 3).
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Table 1
Dietary Macronutrient Content of Intervention Diets

Nutrient
Protein
Carbohydrate
Fat
Fiber
Total
kcal/gm

Western Diet
gm%
kcal%
20
17
50
43
21
40
5
0
100
4.7

Daniel Fast
gm%
kcal%
15
15
58
59
11
25
13
1
100
3.9

Table 2
Dietary Fat Content of Intervention Diets
Western Diet

Daniel Fast

g/kg

%Fat

g/kg

%Fat

Saturated

122.6

62.4

7.8

7.4

Monounsaturated

60.2

30.7

19.7

18.7

Polyunsaturated

13.5

6.9

77.7

73.9

Cholesterol
mg/kg

2048

0
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Table 3
Ingredients of Intervention Diets
Western Diet
Ingredients (gm%,
kcal%)

Total

Casein
DL-Methionine
Corn Starch
Maltodextrin 10
Sucrose
Cellulose, BW200
Milk Fat, Anhydrous
Corn Oil
Ethoxyquin
Mineral Mix S1001
Calcium Carbonate
Vitamin Mix V1001
Choline Carbonate
Cholesterol

Daniel Fast

(195, 780)
(3, 12)
(50, 200)
(100, 400)
(341, 1364)
(50, 0)
(200, 1800)
(10, 90)
(0.04, 0)
(35, 0)
(4, 0)
(10, 40)
(2, 0)
(1.5, 0)

Soy Protein
(170, 680)
DL-Methionine
(3, 12)
Corn Starch-Hi Maize260
(533.5, 2134)
Maltodextrin 10
(50, 600)
Inulin
(50, 50)
Cellulose, BW200
(100, 0)
Ascorbic Acid Phosphate 33% Active
(.41, 0)
Flaxseed Oil
(30, 1170)
Ethoxyquin
(0.04, 0)
Mineral Mix S1001
(35, 0)
Calcium Carbonate
(4, 0)
Vitamin Mix V1001
(10, 40)
Choline Carbonate
(2, 0)
1187.95% gm% 4686 kcal%

1001.45 gm% 4686 kcal%
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The dietary and exercise intervention period was approximately 13 weeks. In all groups, the
animals were provided unlimited access to food and water. Body weights were measured and
recorded weekly.
Animals in each of the dietary regimens were randomly assigned to either exercise or no
exercise (sedentary) groups. Animals in the exercise group performed endurance exercise on a
moving treadmill three days per week for the 13 week intervention. The speed and duration
progressively increased. Specifically, the animals initially trained at 20 m/min for 15 min/day
(week 1), progressed to 25 m/min for 30 min/day (week 2), and finally to 25 m/min for 35
min/day (weeks 3-13). This protocol mimics prior animal training studies (Jin et al., 2000).
Animals in the no exercise group were placed on the treadmill in a stationary mode for a period
of 5-min, simply to allow for familiarization to the apparatus and to account for any potential
handling influence.
Tissue Sample Collection
At the end of 13 weeks rats were euthanized by CO2 inhalation and the abdominal cavity
was opened to expose and remove the entire digestive tract. The entire GI tract was removed,
placed in cold (4 C) mammalian Ringers consisting of 117 mmol NaCl (117), 4.7 mmol KCl,
1.2 mmol KH2PO4 , 1.2 mmol MgSO4 (1.2), and 20 mmol NaHCO3 (20). The small intestine
was isolated and length measured in a relaxed state on a table top before being divided into three
equal parts, namely the proximal, middle, and distal regions. Each region was flushed with cold
mammalian Ringers to remove contents, lightly blotted, and weighed. The central portion of
each region was divided into four sections for analysis as seen in Figure 1.
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Figure 1. Processing of the Intestine for Measurements.

The first section in each region was used to measure intestinal wet and dry mass, and to
determine the percentage of mucosa. The second section was used to measure glucose uptake.
Section three was rapidly frozen in liquid nitrogen and stored at -80 °C for later analysis of BBM
enzymes. The fourth section was placed in 10% neutral buffered formalin for histology.
Methods of Measurement
For intestinal wet and dry mass calculations, the first 3-4 cm segments of each section of
the small intestine were placed on a tared and labeled piece of aluminum foil. The mucosa was
exposed by cutting the segment length-wise. The mucosa was then gently removed by scraping
with a slide. The foil containing the separated mucosa and underlying intestinal tissue was
weighed to determine total tissue wet weight. The foil with the separated tissues was then placed
in a drying oven at 60° C for 48-72 hr and weighed again to calculate total dry mass of the
segment after which the non-mucosa portion was removed and the foil was reweighed to
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measure the amount of dry mucosa and determine the percentage represented by the mucosa
(Hammond & Kristan, 2000; O'Connor, Lam, & Diamond, 1999; Sangild et al., 2007).
For histology, the 1-2 cm formalin fixed segments of small intestine (n=4 from each
group) were cut and processed, fixed in paraffin blocks, sectioned at 5 um, mounted on glass
slides, and stained with hematoxylin and eosin for routine histology. AxioVision 4.8.2 image
analysis software was used to measure crypt depth and width, villus height and width, and
circumference of the segment, as done in previous studies of GI adaptation (Caton et al., 2009;
Dekaney et al., 2007; Iqbal, Qandeel, Zheng, Duenes, & Sarr, 2008; Martin et al., 2009;
McDuffie et al., 2011).
Tissues for glucose uptake measurements were used immediately after removal from the
three regions of small intestine. Each regional segment was everted and two pieces were
mounted on rods with grooves separated by 1 cm and used to measure intestinal glucose uptake
(Karasov & Diamond, 1983). Briefly, the everted sleeves of intestine were positioned directly
over a stir bar rotating at 1,200 rpm in a solution of aerated mammalian Ringers with 50 mmol/L
D-glucose containing tracer concentrations of radiolabelled (14C) D-glucose. Rates of D-glucose
uptake by the tissues were measured using an incubation time of 2 minute as this represents a
suitable compromise among several competing criteria (Karasov & Diamond, 1983).
Radiolabelled (3H) L-glucose was added to the incubation solution to correct for D-glucose that
is associated with the adherent fluid and passively absorbed (Karasov & Diamond, 1983). After
the incubation in the glucose solution the tissues were rinsed for 20 sec in cold mammalian
Ringers, removed from the rods, and placed in weighed vials for measurement of tissue weight.
The tissues were solubilized (Solvable, Perkin Elmer, Waltham, MA), scintillant was added
(Ultima Gold, Perkin Elmer, Waltham, MA), and disintegrations per min were measured by
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liquid scintillation counting (Tri-Carb 2900TR, Perkin Elmer, Waltham, MA). Calculated rates
of glucose absorption represent carrier-mediated transport and are expressed as nmoles of Dglucose transported per minute per mg of tissue.
The frozen tissues used for the assays of brush border membrane enzymes were weighed
and homogenized (1 g/4 ml) in 300 MHT solution (10 mM HEPES, 10 mM Trizma base, 300
mM D-mannitol, pH 7.5) and two 100 µL aliquots of the homogenate were stored frozen. A
combination of CaCl2 (10 mmol) and differential centrifugation (4,500 x g then 19,500 x g) were
used to isolate the brush border membrane (BBM) from the homogenized tissues. The resulting
pellet of BBM was suspended in 400 MHT buffer (10 mM HEPES, 10 mM Trizma base, 400
mM D-mannitol, pH 7.5) and aliquots were stored at -80 C until used to measure the activities of
maltase and glucoamylase using a procedure described by Dalqvist with 60-min incubations at
37°C (Dahlqvist, 1964). The amount of glucose released was used to calculate units of activity
which are reported as international enzyme units (1 U= 1 µmol of glucose released per minute of
reaction) and expressed relative to BBM protein (U/mg protein).
Analysis of Data
Statistical analysis was carried out using SPSS 21 (IBM Corp., Armonk, NY). All data
collected were tested for normal distribution. A one-way analysis of variance (ANOVA) was
used to analyze each variable tested, followed by Tukey’s post hoc test to compare mean values,
and p values < 0.05 were considered statistically significant. P values between 0.05 and ~0.100
were considered as tendencies that might be significant with larger sample sizes. Any data that
were not normally distributed were also tested by the nonparametric equivalent test to a one-way
ANOVA, the Kruskal Wallis test, and the Mann-Whitney U test for t-tests. All data are reported
as means ± SEM.
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Results
A total of 27 animals completed all aspects of this study. One animal in the WDE group
died during week 2 of the intervention, approximately 30 min following the exercise training
session. Upon examination by the University veterinarian, it was noted that the animal’s
abdomen was filled with blood, with a suspected aneurism or tear in liver. All other animals
successfully completed the 13 week intervention.
All of the surviving rats gained weight during the 13 week study (Table 4) with WDS
gaining more weight than all other groups (p<0.0001). Both WD groups had higher fat mass and
percent body fat than both DF groups (p<0.0001) and WDS was significantly greater in these
measures than WDE (p<0.05).
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Table 4
Anthropometric Data of Male Rats Assigned to Two Different Diets With and Without Exercise
Daniel Fast
Exercise
193 ± 2.7

Daniel Fast
Sedentary
185 ± 4.8

Western Diet
Exercise
187 ± 3.3

Body Mass (g)
Pre Intervention
Body Mass (g)
479 ± 11.3b 497 ± 13.5b
517 ± 10.7b
Post Intervention
Fat Mass (g)
101 ± 7.4a
124 ± 9.8a
162 ± 8.0b
Post Intervention
Lean Mass (g)
391 ± 8.8
377 ± 7.8
366 ± 9.2
Post Intervention
% Fat
20 ± 1.3a
25 ± 1.4a
31 ± 1.3b
Post Intervention
Values are mean ± SEM.
Values with different superscripts are significantly different.
A group effect noted for body mass (p < 0.0001).
A time effect noted for body mass (p < 0.0001).
A group by time interaction effect noted for body mass (p < 0.0001).
A group effect noted for fat mass (p < 0.0001).
A group effect noted for % fat (p < 0.0001).
No other statistically significant effects noted (p > 0.05).

Western diet
Sedentary
187 ± 4.5
571 ± 14.7a
196 ± 8.4c
387 ± 6.7
34 ± 1.0c

Results from gross intestinal measurements showed a significant effect of treatment on
intestinal length (Table 5; p = 0.021). Intestines of DFS rats were longer than those of WDE rats
(p = 0.012). Exercise alone had an influence on absolute intestine lengths with intestines from
sedentary rats being longer than those of exercised rats (p = 0.025). The effect of exercise was
not apparent when intestine length was normalized to body weight. The statistical analysis
revealed a diet affect, with the intestines of DF rats longer than those of WD rats (p<0.001).
Individually, DFE resulted in longer intestines than WDE (p = 0.036) and WDS (p = 0.018).
DFS rats had longer intestines than WDE (p = 0.001) and WDS (p<0.001) rats.
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Total intestine mass showed no significant differences (Table 5). Like intestine length,
whole intestine mass was normalized to body mass in grams. This resulted in significant
differences (p = 0.008) with DFS rats having relatively heavier intestines than WDS (p = 0.023)
and WDE (p = 0.015) rats. Overall, DF rats had heavier intestines than WD rats (p = 0.001).
Wet mass and dry mass values were used to calculate the percent mucosa (Table 6). The
wet mass of the middle section of small intestine had a significant treatment affect (p = 0.018),
with WDS rats having greater mass than DFS rats (p = 0.016). There were no other group
differences for all other mass measurements including percent mucosa (all p’s>0.05). Upon
looking at physical activity, it was revealed that the exercise groups had greater percent mucosa
than sedentary groups in the proximal region (p = 0.019). There were no specific diet
differences.
Group effects for intestinal circumference were not detected when diet and exercise were
considered alone (Table 7) (p>0.05). Although not significant, WDE had the lowest
circumference in all sections.
There was a significant group affect noted for proximal villus height (Table 8; p = 0.001).
DFS rats had the tallest villi in all regions of the small intestine (p = 0.001).
For proximal regional comparisons, DFS villi were longer than both WDE and WDS
groups (p = 0.005), and DFE villi were longer than the WDS group only (p = 0.049). Together, a
diet affect showed that DF resulted in longer villi than the WD (p<0.001). Villi in the middle
section of small intestine of the DFE group were significantly shorter than all other groups
(p<0.001). There was also a diet affect for WD>DF (p = 0.022), and an exercise affect, S>E
(p<0.001) in the middle section. Both WD groups had longer villi in the middle section
compared with their own group villi in the proximal region. A group affect was noted for distal
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villus height (p = 0.001) as well as an exercise affect S>E (p = 0.047). DFS rats had longer villi
than DFE (p = 0.001) and WDS (p = 0.006) rats in the distal region.
There was a regional influence for the responses of villus width to diet and exercise.
Villus widths in the proximal region of sedentary rats were greater than those of exercised rats (p
= 0.008). Specifically in the proximal region, villus width was significantly greater in WDS than
DFE (p = 0.005). In the mid region, villus width was significantly greater in WDE than DFE (p
= 0.004) as well as WD greater than DF (p = 0.003). The distal region showed an exercise effect
with villi of DFE rats villi wider than those of DFS rats (p = 0.012). With exercise villus widths
were greater than those in sedentary groups (p = 0.003).
Crypt depths were responsive to diet and exercise. DF rats had significantly deeper
crypts in the proximal region than WD rats (p<0.001). In this section WDE rats had crypt depths
that were significantly less than all other groups (p = 0.001) with crypt depths being the deepest
in DFE. In the mid region of intestine, WDE crypt depths were again the shallowest, but only
significantly so compared with the WDS rats (p = 0.032). An exercise affect was noted for the
mid region with exercised rats having deeper crypts than sedentary rats (p = 0.015). There were
no significant group affects detected for crypt depth in the distal small intestine (all p’s>0.05).
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Table 5
Gross Intestinal Measures of Male Rats Assigned Two Different Diets With or Without Exercise
Daniel Fast
Exercise
121.14 ± 4.1

Daniel Fast
Sedentary
128.71 ± 2.6a†

Western Diet
Exercise
113.83 ± 2.1b

Absolute Intestinal
Length (cm)
0.234 ± 0.008
0.252 ± 0.009
0.207 ± 0.008*
Relative Intestine
Length (cm/g)
2.85 ± 0.18
3.19 ± 0.21
2.61 ± 0.26
Proximal Intestinal
Mass (g)
2.64 ± 0.17
2.65 ± 0.18
2.38 ± 0.27
Mid Intestinal
Mass (g)
2.17 ± 0.16
2.39 ± 0.21
1.87 ± 0.21
Distal Intestinal
Mass (g)
7.67 ± 0.28
8.24 ± 0.55
6.87 ± 0.51
Absolute Total
Intestinal Mass (g)
0.015 ± 0.0004a
0.016 ± 0.0009a
0.012 ± 0.0008b*
Relative Total
Intestine Mass (g/g)
Values are mean ± SEM.
Values with different superscripts are significantly different.
* Indicates significant difference when compared to DFE and DFS (DF v WD) (p < 0.05).
† Indicates significant difference when compared to DFE and WDE (E v S) (p < 0.05).
A group affect was noted for absolute intestinal length (p < 0.05).
An exercise affect was noted for absolute intestinal length (p < 0.05).
A diet affect was noted for relative intestine length (p < 0.05).
A group affect was noted for relative total intestine mass (p < 0.05).
A diet affect was noted for relative total intestine mass (p < 0.05).
No other statistically significant effects noted (p > 0.05).
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Western diet
Sedentary
122.14 ± 2.6†
0.204 ± 0.009*
2.87 ± 0.15
2.82 ± 0.14
1.91 ± 0.29
7.61 ± 0.38
0.013 ± 0.0009b*

Table 6
Data for Percent Mucosa in Male Rats Assigned Two Different Diets With or Without Exercise

Proximal Wet Mass (g)

Daniel Fast
Exercise
0.735 ± 0.016

Daniel Fast
Sedentary
0.65 ± .033

Western Diet
Exercise
0.648 ± 0.033

Western diet
Sedentary
0.685 ± 0.027

Mid Wet Mass (g)

0.069 ± 0.019

0.619 ± 0.17b

0.638 ± 0.025

0.715 ± 0.029a

Distal Wet Mass (g)

0.60 ± 0.028

0.621 ± 0.025

0.578 ± 0.042

0.687 ± 0.049

Proximal Dry mass (g)

0.08 ± 0.009

0.061 ± 0.005

0.054 ± 0.007

0.052 ± 0.003

Mid Dry Mass (g)

0.069 ± 0.004

0.066 ± 0.007

0.051 ± 0.007

0.061 ± 0.005

Distal Dry mass (g)

0.04 ± 0.006

0.043 ± 0.007

0.042 ± 0.017

0.042 ± 0.01

Proximal Percent Mucosa

81.5 ± 1.46

72.6 ± 3.77†

79.1 ± 4.13

77.8 ± 2.23†

Mid Percent Mucosa

79.4 ± 1.91

79.1 ± 2.41

78.3 ± 2.95

81.3 ± 1.83

Distal Percent Mucosa

73.5 ± 1.51

71.9 ± 2.0

78.1 ± 6.84

77.7 ± 4.64

Average Percent Mucosa

78.1 ± 0.95

74.5 ± 2.1

78 ± 3.38

78.9 ± 2.64

Values are mean ± SEM.
Values with different superscripts are significantly different.
† Indicates significant difference when compared to DFE and WDE (E v S) (p < 0.05).
A group affect was noted for mid wet mass (p < 0.05).
A diet affect was noted for proximal percent mucosa (p < 0.05).
No other statistically significant effects noted (p > 0.05).
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Table 7
Crypt and Villi Data of Male Rats Assigned to Two Different Diets With and Without Exercise
Daniel Fast
Exercise

Daniel Fast
Sedentary

9879 ± 290
9965 ± 492
Proximal Intestinal
Circumference (µm)
10137 ± 892
10073 ± 285
Middle Intestinal
Circumference (µm)
9950 ± 856
10313 ± 587
Distal Intestinal
Circumference (µm)
Values are mean ± SEM.
No differences of statistical significance were noted (p>0.05).
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Western Diet
Exercise

Western diet
Sedentary

9392 ± 345

10074 ± 317

9678 ± 581

10283 ± 549

9224 ± 487

10487 ± 585

Table 8
Intestinal Circumference of Male Rats Assigned to Two Different Diets With and Without
Exercise
Daniel Fast
Exercise

Daniel Fast
Sedentary

Western Diet
Exercise

Western diet
Sedentary

Proximal Crypt
Depth
Mid Crypt Depth
Distal Crypt Depth

158 ± 5a

147 ± 6a

121 ± 4b†

142 ± 4a†

137 ± 4
159 ± 7

143 ± 5*
143 ± 6

132 ± 4b
146 ± 5

150 ± 6a*
151 ± 7

Proximal Villus
Height
Mid Villus Height
Distal Villus Height

592 ± 17

625 ± 31a

512 ± 24b†

505 ± 24b†

411 ± 23b
320 ± 12b

588 ± 18*
383 ± 11a*

542 ± 29†
347 ± 14

563 ± 21a†*
326 ± 12b*

133 ± 6b
152 ± 8†
140 ± 5
155 ± 7a†
Proximal Villus
Width
131 ± 5b
138 ± 7
157 ± 7a*
154 ± 7*
Mid Villus Width
a
b†
153 ± 7
126 ± 5
142 ± 5
131 ± 8†
Distal Villus Width
Values are mean ± SEM.
Values with different superscripts are significantly different.
* Indicates significant difference when compared to DFE and DFS (DF v WD) (p < 0.05).
† Indicates significant difference when compared to DFE and WDE (E v S) (p < 0.05).
A group affect was noted for proximal crypt depth (p < 0.05).
A diet affect was noted for proximal crypt depth (p < 0.05).
A group affect was noted for mid crypt depth (p < 0.05).
An activity affect was noted for mid crypt depth (p < 0.05).
A group affect was noted for proximal villus height (p < 0.05).
A diet affect was noted for proximal villus height (p < 0.05).
A group affect was noted for mid villus height (p < 0.05).
A diet affect was noted for mid villus height (p < 0.05).
An exercise affect was noted for mid villus height (p < 0.05).
A group affect was noted for distal villus height (p < 0.05).
An exercise affect was noted for distal villus height (p < 0.05).
A group affect was noted for proximal villus width (p < 0.05).
An exercise affect was noted for proximal villus width (p < 0.005)
A group affect was noted for mid villus width (p < 0.05).
A diet affect was noted for mid villus width (p < 0.05).
A group affect was noted for distal villus width (p < 0.05).
An exercise affect was noted for distal villus width (p < 0.005).
No other statistically significant effects noted (p > 0.05).
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There was no significant group affect noted for glucose uptake per mg intestine (Table 9).
Despite the lack of significant diet affects, the distal region for sedentary groups tended to have
higher glucose uptakes than for exercise groups (p = 0.107).
There were no group affects in any region for glucoamylase activity (Table 10; p>0.05).
However, there was a group affect noted for proximal maltase activity (p = 0.047). Specifically,
maltase activity was greater in WDE than DFE (p = 0.04). There was also a significant diet
affect for proximal maltase activity WD>DF (p = 0.017). No group affects were noted in the
middle section for maltase activity (p>0.05). An exercise tendency was seen in the distal region
for maltase activity with exercise having higher activity than values for sedentary groups (p =
0.068). It is important to note that the WDE group had the highest mean enzymatic activity for
all regions and for both enzymes.

Table 9
Glucose Uptake Data for Male Rats Assigned to Two Different Diets With and Without Exercise
Daniel Fast
Daniel Fast
Western Diet
Exercise
Sedentary
Exercise
1.29 ± 0.15
1.36 ± 0.3
1.55 ± 0.45
J/mg proximal
0.92 ± 0.11
1.17 ± 0.22
1.55 ± 0.47
J/mg middle
0.95 ± 0.11
1.07 ± 0.21
1.34 ± 0.35
J/mg distal
3.47 ± 0.99
3.68 ± 0.73
3.81 ± 1.01
J/mg total
Values are mean ± SEM.
No differences of statistical significance were noted (p>0.05).
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Western diet
Sedentary
1.56 ± 0.25
1.58 ± 0.35
1.42 ± 0.34
5.16 ± 1.14

Table 10
Maltase and Glucoamylase Enzymatic Activity in Male Rats Assigned to Two Different Diets With and Without
Exercise
Daniel Fast Exercise

Daniel Fast
Sedentary

Western Diet
Exercise

Western diet
Sedentary

Proximal Maltase U/mg
Proximal Glucoamylase U/mg

0.007 ± 0.001b
0.003 ± 0.0002

0.008 ± 0.0005
0.003 ± 0.0002

0.01 ± 0.0007a*
0.004 ± 0.0003

0.009 ± 0.0008*
0.003 ± 0.00027

Middle Maltase U/mg
Middle Glucoamylase U/mg

0.009 ± 0.0005
0.004 ± 0.0003

0.009 ± 0.0009
0.004 ± 0.0003

0.009 ± 0.0011
0.004 ± 0.0005

0.009 ± 0.0007
0.004 ± 0.0003

Distal Maltase U/mg
Distal Glucoamylase U/mg

0.012 ± 0.0013
0.005 ± 0.0004

0.01 ± 0.0003
0.004 ± 0.0002

0.014 ± 0.0016
0.005 ± 0.0004

0.011 ± 0.0016
0.004 ± 0.0005

0.13 ± 0.018
0.107 ± 0.0173 0.181 ± 0.0293
Total SI Maltase Activity
0.051 ± 0.005
0.044 ± 0.0076 0.066 ± 0.0102
Total SI Glucoamylase Activity
Values are mean±SEM.
Values with different superscripts are significantly different.
* Indicates significant difference when compared to DFE and DFS (DF v WD) (p < 0.05).
A group affect was noted for proximal maltase activity (p < 0.05).
No other statistically significant effects noted (p > 0.05).

0.161 ± 0.0280
0.062 ± 0.01091
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Discussion
Nutrition can cause GI problems with running. Diarrhea is a common ailment for long
distance runners and it is still not clear why (Riddock & Trinick, 1988). Ingestion of fiber, fat
and protein were more likely to cause GI problems in a half-ironman triathlon (Rehrer, van
Kemenade, Meester, Brouns, & Saris, 1992a). DFE rats experienced more diarrhea during
treadmill training than WDE rats coinciding with consuming more fiber in the diet. Common
enteropathogens do not seem to be responsible for the increase in diarrhea found in racing sled
dogs (Mckenzie et al., 2010). The rats in this study were reported by the supplier to be pathogen
free. For the dogs and the rats the diarrhea is thus exercise related. However, in the current
study the WDE rats did not have issues with diarrhea despite training the same amount,
providing supportive evidence diet composition plays an important role in exercise induced
diarrhea. Current nutritional recommendations for gastrointestinal distress suggest practicing
nutrition strategies in advance to decide what works best individually and to avoid protein, fat,
fiber, and milk products (de Oliveira, Burini, & Jeukendrup, 2014). High-impact mechanics of
running and damage to the intestinal lining (Rudzki, Hazard, & Collinson, 1995) may be
responsible for some gastrointestinal distress during and following exercise. Because of this, it
would be better to have a lighter gut that repairs itself quickly.
Nutritional periodization is a growing practice in sports because of the known influence
of diet on physiological adaptations. This is the first study to my knowledge to investigate
possible structural and functional adaptations of the intestinal tract of male rats to chronic
physical training and diet. Specifically, a high-fiber vegan diet known as the Daniel Fast and
high-fat Westernized Diet along with endurance treadmill training or no training were used to
explore intestinal adaptations. This study confirms my hypothesis that the intestine has the
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capacity to adapt to both diet and exercise, although not in the way predicted. The literature
suggests the gut increases in size to meet higher energy demands and increased dietary loads.
Based on the findings of this study, the small intestines of young growing rats may actually
shrink in response to the stress of endurance exercise while maintaining normal function. The
main findings of this study are 1) the intestine does adapt structurally and functionally to diet and
exercise, 2) the structural adaptations respond differently to diet and exercise and according to
the function of each region of the small intestine, and 3) the intestine adapts to endurance
exercise by decreasing gut size without compromising carbohydrate digestion.
The Western Diet provided in this study promoted the development of obesity by increasing
adiposity. Rats on the WD had significantly greater adiposity than rats fed the DF with no
differences in lean mass. These data are reported in another study (Gunnels, 2014).
Structural Adaptations
Gross
Length. Intestine size is related to body weight with small individuals having small
intestines and large individuals having large intestines (Hounnou, Destrieux, Desme, Bertrand, &
Velut, 2002). This was not necessarily the case for rats in this study. Although WDS had long
intestines, the thinner DFS rats had longer small intestines. Despite the intake of an obesityinducing diet, WDE had the shortest intestine lengths. Either the length of the DF and S rats
lengthened or the intestines of the WD and E rats shortened. Normal small intestine lengths for
Long-Evans rats for this age range are unknown. A control group fed a standard rat chow was
not included in the present study, but three practice rats fed standard rat chow had intestine
lengths of 133 cm, 134 cm, and 147 cm. Even when normalized by body weight the average gut
length of the practice rats (0.27 cm/g) was longer than the longest guts belonging to DFS (0.25
cm/g) suggesting that the gut lengths measured in this study were shorter. Scoaris et al. (2010)
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measured similar small intestine lengths as our rats (118 cm, 124 cm, 121 cm, and 124 cm) using
a standard diet vs. cafeteria diet and treadmill exercise or no exercise. The small intestine
lengths of sedentary rats on a normal diet (118 cm) might be considered normal for a rat that is
190 days old, but the rats in the current study were only 133 days at the most when the study
ended (Scoaris et al., 2010). Their results contrasted with the findings of this study by showing
that the standard diet without exercise resulted in the shortest intestines and the trained, cafeteria
fed rats had the longest intestines. Almeida et al. (2014) claims that increased caloric intake and
increased lipid content did not lead to alterations in intestinal length when compared to controls.
However, their data showed that despite a cafeteria diet, trained rats averaged shorter intestine
lengths than controls compared with those on a cafeteria diet without training. These findings
supports the results of this study and together indicate exercise decreases intestine length. This
would be a positive adaptation for long distance runners by having less gut mass to carry.
Migratory birds display a similar adaptation where they adapt for migration periods by shrinking
their gut size, thereby reducing mass during long flights (Hume & Bieback, 1996; Price, Brun,
Caviedes-Vidal, & Karasov, 2015).
Factors affecting intestine length could be differences in rat strain as well as exercise
stimulus. Although similar in intensity, previously studied rats were only trained for 8 weeks
(Almeida et al., 2014) compared with 13 weeks for rats in this study. The DF is not a “normal”
diet and the high fiber content could have produced the increased intestine lengths compared to
the normal diet which provided half the fiber the DF did (Table 1) (Almeida et al, 2014; Santoro
et al., 2006).
Mass. Despite statistically significant lower body weight (reported in another study), DF rats
had longer, heavier guts than the obese WD rats. However, there were no statistically significant
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differences between groups for the weight of intestine per cm of length. The high fiber content of
the DF is likely responsible for the longer guts, and perhaps the greater mass as well.
Percent Mucosa. Structural changes like the increases in intestinal length and mass increase
surface area of the gut providing more tissue and mucosa (villi, microvilli, crypts) for absorption.
The expectation is that the group with the highest percent mucosa has the highest absorption
capacity. However, there are no group differences in the percentage of mucosa until you look at
physical activity. Even though intestines from sedentary rats are longer and heavier, intestines
from exercised rats appear to have more absorptive capacity per cm. Also of importance, the
proximal section is largely responsible for water absorption. This could be another adaptations
for a runner where maintaining hydration is crucial.
Histological
Circumference. The smaller circumferences for exercised rats may be the result of
positive adaptions to exercise that shrink the gut while maintaining normal absorption capacities.
One thing to consider is that exercise increases the thickness of muscular layers of the intestine
(Almeida et al., 2014, Scoaris et al., 2010). Although this was not quantified, the histology
indicates this may be true for the exercised rats in this study as well. If that were indeed the case,
that would further the case that the gut shrinks in size in response to chronic endurance exercise
training.
Villus Height. The differences for villus heights contrasts with reports from similar
studies that compared exercise training between a normal standardized diet and a cafeteria diet
very similar to the WD. Specifically, cafeteria diet rats had longer villi than the normal fed rats
(Almeida et al., 2014). The present findings suggest a high-fiber diet like the DF is a more
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potent stimulus for villus growth than high fat. The reasons for the different findings for the two
studies are not known.
The shorter villi in the mid region of the DFE rats contrast with the finding of Scoaris et
al. (2010) who found that trained rats had longer villi than sedentary groups on either a cafeteria
or normal diet. The longer villi in the jejunum relative to the distal region is not surprising since
the middle section of intestine, the jejunum, is largely responsible for macronutrient absorption
and especially for the WD rats to increase absorption capacities in this section to match the
higher fat content of the diet. Chronic high-fat exposure leads to higher efficiency in absorbing
fat (Duca, Sakar, & Covasa, 2013). In rats a high fat diet can cause villus hyperplasia by
increasing villus height. Although the microvilli were not measured in this study, a high fat diet
significantly reduces surface area of microvilli compared with rats on a high-starch diet (Goda &
Takase, 1994).
The heights of villi in the distal region were more affected by physical activity than diet
(S>E p = 0.047). Similar to Almeida et al., trained rats had shorter villi than sedentary groups.
Fat is high-caloric and leads to greater fat storage due to excessive energy. One theory is that
exercise causes the villi to shrink in the presence of a high-fat diet in order to limit further
absorption of fat and counter obesity (Almeida et al., 2014). The shorter villi of the exercise
groups compared with the sedentary counterparts support this theory. It also supports the theory
that villi shorten in response to exercise to decrease overall gut mass, reducing the mass of the
gut to carry.
Villus Width. Each section of the gut showed differences in villus width. This is
surprising since it was not hypothesized that there would be differences in villus width.
Sedentary behavior seemed to be the cause of this with S>E (p = 0.008). It is unclear how
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increased villus width could be beneficial. The small intestine is structurally designed to
maximize surface area. The DFS and WDS groups both present characteristics of long, wide
villi which would increase surface area. Certainly with increased intestine length and intestine
circumference these guts should be functionally superior to exercise groups. The varying
adaptations in villus width demonstrate that each section of the gut is different and serves
different rolls in absorbing nutrients.
Crypt Depth. Other studies report that exercise trained rats have deeper crypts,
significantly so in the middle region (Almeida et al., 2014) and that a cafeteria diet results in
deeper crypts as well (Scoaris et al, 2010). This contradicts the findings of this study but
supports the hypothesis that deeper crypts can result from exercise training to increase cell
proliferation. Acute treadmill exercise enhances apoptosis of small intestine epithelial cells
(Gutekunst, Kruger, Augst, Diener, & Mooren, 2014), but they seem to recover quite quickly
following exercise bouts. Exercise groups distally have deeper crypts, possibly for quick cell
regeneration.
Functional
Glucose Uptake. Moderate exercise intensities lasting no longer than 2 hours have little
effect on intestinal absorption of both water and carbohydrate (Lambert et al., 1997; Ryan et al.,
1998), as confirmed by this study.

However, it is important to note that although group means

for glucose uptakes may not be different, there are many significant differences in measures that
contribute to absorptive surface area and total absorptive capacities. Notably, the intestines of
the exercised rats were capable of absorbing the same amounts of glucose as the larger intestines
of sedentary rats which, supports my hypothesis that the gut adapts to exercise by becoming
more efficient.
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Small intestine monosaccharide absorption adapts to luminal contents (Diamond &
Karasov, 1987). The DF diet was composed of 60% carbohydrate whereas the WD was
composed of only 43% carbohydrate (see Table 1). WDS rats had the highest total glucose
uptake means across the small intestine. Because the carbohydrate supplied by the DF had less
readily available sugars and was high in complex carbohydrates it is not surprising rats fed the
WD with refined sugars absorbed more glucose than those on the DF diet.
Although SGLT-1 was not measured directly, the glucose uptake results are indicative of
SGLT-1 activity. However, it is not possible to determine if differences in glucose uptake were
the result of more SGLT-1 transporters per unit of intestine or changes in the activity of
individual transporters. Although intestinal permeability was not measured in this study, by
including (3H)-L-glucose in the incubation solution it is possible to estimate passive glucose
absorption, which would partly reflect permeability. Studies have shown that exercise increases
intestinal permeability (Jeukendrup et al., 2000; Oktedalen, Lunde, Opstad, Aabakken, &
Kvernebo, 1992) and passive glucose absorption (Pencek et al., 2003).
SGLT-1 does increase in response to long-term luminal glucose exposure in animal
studies (Wright, Hirsch, Loo, & Zampighi, 1997). Crypt cells are the most sensitive to stimuli
that regulate SGLT-1. (Van Winkle, 2000). The crypt is able to enlarge and to decrease its size
in diameter and depth as a consequence of changes in proliferative capacity (Riecken et al.,
1989). Villi can change in many ways. During situations of stress, villi may undergo mucosal
transformation of the hyper-regenerative type. This is characterized by reduced villus height and
flattened surfaces reduced enzyme activity, and lower D glucose accumulation, (Reicken et al.,
1989). The histology for the present study showed that both exercise groups had villi with
flattened surfaces with the responses of DFE rats more pronounced in the proximal and distal
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regions. These regions also had enlarged crypts for the DFE rats. However, both exercise
groups had greater activities for both enzymes in the mid and distal regions compared with the
sedentary groups on the same diets. Any stress that may have negatively affected villus structure
apparently does not affect functionality. In the proximal region WDE rats had the highest
enzyme activity and DFE had the lowest enzyme activity. This is most likely due to diet
differences with WD>DF (p = 0.012) coinciding with the greater load of digestible carbohydrate
provided by the WD. That the measured gut parameters were greater for the sedentary groups
provides evidence that exercise results in smaller guts that are more functional per unit of gut.
Crypt depths are deepest in the distal region for all groups. Runner’s experience a lot of
gastrointestinal distress, particularly in the lower region (distal) (Riddick & Trinick, 1988).
Perhaps the distal region has to regenerate new cells more often, but this has not been reported.
Enzyme Activity. Enzyme activity analysis revealed significant differences for maltase
activity but not for glucoamylase activity. However, similar studies report no significant
differences in enzyme activities (Almeida et al., 2014; Scoaris et al., 2010). This may have been
due to diet differences and thus available carbohydrate substrate.
It is interesting to note that enzyme activity means in the mid region for both enzymes
were identical for DF and WD rats (Maltase: WD = .0915, DF =. 0915; Glucoamylase: WD =
.0367, DF = .0367). What makes this even more interesting is that DFS had villi in the mid
region that were significantly longer (p = 0.018) and wider (p = 0.003). Even though DFE had
the smallest villus height and villus width in the mid region, DFE still had the highest
glucoamylase activity compared to all other groups. These findings strongly suggest that
exercise decreases gut size while maintaining, and perhaps increasing functional activity per unit
of gut.
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A New Theory
Based on the findings of this study, I have formed a new theory for gut adaptation in
endurance athletes. I had originally hypothesized that the guts would increase in size, thereby
increasing absorptive surface and absorptive function. Now, I believe the gut adapts to
endurance exercise by decreasing in size, decreasing surface area, but maintaining or increasing
normal carbohydrate breakdown and monosaccharide absorption. A lighter gut would be
beneficial for endurance athletes because it would decrease the mass of intestine to carry and
might be more energy efficient so that valuable energy can be diverted to muscle functions.
Additional Comments/perspectives/speculation
The Daniel Fast reflects back to primitive, and Biblical, diets filled with raw, high-fiber, and
hypocaloric foods by being largely plant based in composition. According to the Daniel Fast,
there is no limit on the amount of food that can be consumed. This is another aspect that
coincides with primitive diets where eaters had to consume as much as possible at one time. For
this reason the digestive tract had to be able to hold large volumes of food and needed longer
transit times to extract nutrients from the fibrous content (Santoro et al., 2006). This means
plant-based diets of poorly digestible fiber can lead to longer intestines. This corroborates the
findings of this study in which rats on the DF diet had longer guts per body mass than those on a
low-fiber Western Diet.
Enhancing the quality of the diet let to larger brains in our ancestors as well as a diminished
gut size (Aiello & Wheeler, 1995; Leonard & Robertson, 1994). The Western diet used in the
study is modeled after the modern diet that is hypercaloric, low in fiber, and easy to process and
absorb. Meals like this tend to be absorbed very quickly, meaning nutrients don’t reach the distal
section which can reduce satiety hormones GLP-1 and Peptide YY (PYY) leading to the
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development of obesity, as seen in our rats on the Western Diet (Lugari et al. 2002; Ranganath et
al. 1996). Unfortunately daily food consumption was not measured in this study and is not
possible to account if the extra fat gained by the WD rats can be attributed to excessive energy
intake or if the increased metabolic expenditure imposed by the treadmill running resulted in
more food being consumed compared with the sedentary rats.
This study revealed more structural adaptations than functional adaptations, possibly because
1) more structural parameters were measured and 2) because it makes more to sense to put
energy into enhancing the enzymes and transporters of existing enterocytes rather than making
more cells (Ray, Avissar, & Sax, 2002). In exercise science, adaptations that improve exercise
capacity and performance often come from more intense exercise stimuli. The exercise protocol
used in this study was of moderate intensity. A more intense exercise training protocol involving
running 5 days a week for a longer period of time at a lower speed may have produced more
pronounced adaptations. However, animals did get fatigued with the protocol used.
Despite being smaller, the guts of exercised rats were not less functional. WDE had the
least mg of absorptive surface but the highest enzyme activities and second highest rates of
glucose absorption, supporting the contention the intestine adapts to exercise by having a
smaller, more functional gut. The WD may enhance the gut function by providing more
substrates. Physical activity did not have as much impact as diet did on the adaptations, but did
significantly affect some of the measured outcomes. These include proximal percent mucosa
(E>S), proximal villus width (S>E), and distal villus width (E>S).
This study extends what is known about how the gut adapts to chronic endurance exercise
and diet. It is apparent that diet plays a large role in the adaptive responses of the gut.
Fortunately for athletes, runners can achieve positive GIT adaptations with moderate endurance
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exercise while consuming a very healthy plant-based diet or even an unhealthy saturated fat
westernized diet. Exercise performance results of the rats used in this study may further clarify
which diet practices will be best for runners (Schriefer, 2014). Additional research is needed to
determine the best diet and training methods for endurance exercise performance.
Conclusion
In conclusion, a chronic stimulus of endurance exercise and two diets reveal how the
small intestine adapts to improve its ability to absorb carbohydrate by a smaller gut. Diet greatly
affects the structure and function in the gut. A vegan Daniel Fast was used that likely induced
intestine and villi lengthening due to a higher fiber content. A Westernized Diet high in refined
sugars and saturated fat was found to affect the structure of the middle section and resulted in the
highest carbohydrate absorption. Endurance exercise shrinks the small intestine but maintains
high carbohydrate absorption creating a gut that is lighter and more efficient. A look at different
exercise intensities and macronutrient profiles will help further our understanding of GIT
adaptations and its role in exercise performance.
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APPENDIX A- EXTENDED LITERATURE REVIEW
Introduction
Sports nutrition has evolved from focusing on methods to improve glycogen stores to
methods that improve carbohydrate availability and hydration status in athletes. Carbohydrate
availability as a substrate for the muscle and central nervous system is crucial for an athlete’s
performance in prolonged aerobic exercise. It is now clear that carbohydrate ingestion during
prolonged exercise increases exercise capacity and improves exercise performance (Coyle,
Coggan, Hemmert, & Ivy, 1986; Jeukendrup et al., 1999; Jeukendrup, 2004). Additional
understanding of how current nutrition strategies are processed in the gastrointestinal tract (GIT)
could lead to further improvements in endurance exercise performance.
The gastrointestinal tract (GIT) has the central role of providing the energy, nutrients,
fluid, and electrolytes that are needed before, during, and after exercise. Yet, the effect of
exercise on the GIT has not been clearly defined. Endurance trained athletes more than any
other group of athletes complain of nausea, abdominal cramping, diarrhea, gastrointestinal (GI)
bleeding, and the urge to defecate during or following prolonged exercise (Oktedalen, Lunde,
Opstad, Aabakken, & Kvernebo, 1992; Pals, Chang, Ryan, & Gisolfi, 1997; Rehrer et al., 1992b;
Riddoch & Trinick, 1988). Runners are more likely to have GI problems during or after races
than athletes who swim or bike for long distances (Sullivan, 1987). Among runners, those who
run at high intensities for prolonged periods complain more about GI issues than runners who
train at lesser intensities (Riddoch & Trinick, 1988). These findings are indicative of acute GIT
responses to exercise.
Although exercise is known to influence several organ systems, including the
musculoskeletal, cardiovascular, and pulmonary systems (Rivera-Brown & Frontera, 2012), the
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adaptive responses of the GIT to chronic exercise are largely unknown. Adaptations such as
increased cardiac output, increased mitochondrial density, and increased VO2max (maximal
uptake of oxygen) lead to an improved ability to deliver and utilize oxygen and nutrients for
energy production during prolonged endurance exercise (Rivera-Brown and Frontera, 2012). No
one has yet determined if and how the gut might adapt its role in absorbing and delivering
nutrients, water, and electrolytes to the working muscles. A better understanding of GIT
responses to endurance training (i.e., chronic exercise) and diet is essential for understanding
how to improve absorption of nutrients, electrolytes, and fluid, which may relieve the symptoms
experienced by endurance athletes.
Although there are no specific studies that directly assess the adaptive responses of the
GIT to chronic exercise and diet, a review of the literature indicates the GIT has the capacity to
adapt to the demands imposed by endurance training. The following sections review what is
known of nutritional effects on endurance exercise performance, responses of the GIT to
endurance exercise, and the adaptive responses of the GIT to other factors.
Effects of Diet on Endurance Exercise
Nutritional Strategies for Endurance Exercise.

Nutritional strategies can indeed be

used to cause adaptations within the muscle or heart that improve endurance exercise
performance. For instance, training in a fasted, low glycogen state increases muscle oxidation
capacities and net intramyocellular lipid (IMCL) breakdown (van Proeyen, 2011a). Another
nutritional strategy involves ingesting carbohydrate (CHO) during prolonged endurance exercise
to delay muscle glycogen depletion by providing exogenous CHO and therefore, improving time
to fatigue (Coyle, 1986). What is ingested and when it is ingested are important determinants of
metabolism, such as substrate oxidation preferences. There are three macronutrients that can act
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as energy sources for exercise: fat, protein, and carbohydrates. Muscle glycogen is the primary
energy substrate during high-intensity endurance exercise and is generally accepted to provide
the energy in decisive episodes of competition (Bergström and Hultman, 1967). In the best
interests of endurance exercise performance, food consumption should spare or delay glycogen
breakdown during exercise. Increasing the time someone can exercise without breaking down
glycogen stores enhances the performance of endurance athletes.
Fat can also serve as a fuel for prolonged endurance exercise. Diets containing high
amounts of fats are shown to impair the muscle’s capacity of energy production via glycogen
breakdown. A high fat diet (HFD) has been shown to increase basal IMCL levels in both type I
and type IIa fibers (Tanaka, 2007; Van Proeyen, K., Szlufcik, K., Nielens, H., Deldicque, L., Van
Dyck, R., Ramaekers, M., & Hespel, P, 2011). Proeyen et al. (2011b) was able to show that a
HFD increased net IMCL breakdown during exercise without hindering net glycogen
degradation. This study’s contrasting results compared with previous studies are likely due to
protocol differences. This study maintained an isocaloric HFD that maintained glycogen stores
despite the fasting component to the study. The increase in IMCL degradation during exercise
probably resulted from higher basal levels of IMCL in the muscle. Another important aspect of
these studies includes the genomic physiological adaptations to a chronic stimulus (6-weeks) of
HFD. In response to a HFD, fats were stored in muscles (van Proeyen, 2011b). Also, IMCL
levels increased in type IIa muscle fibers and were degraded during exercise (van Proeyen,
2011b). This is not typical of type IIa fibers in endurance exercise.
Refined carbohydrates in processed foods are very common components in today’s
Western diet (Cordain et al., 2005). When the amount of carbohydrates exceeds energy needs it
is either stored as glycogen or converted to fat. As much as 75-85% of carbohydrate is converted
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to fat when consuming a diet excessive in carbohydrates (Horton et al., 1995).As mentioned
before, glycogen is the main source of energy for endurance exercise (Bergström and Hultman,
1967). Carbohydrate-loading before a race is common among athletes to maximize glycogen
storage for competitions. More recently, ingesting carbohydrates before and during endurance
exercise has become popular in an effort to spare glycogen stores. If glucose is readily available
for muscle energy, glycogen may then be spared and the athlete may be able to train longer and
preserve glycogen resources to make the final sprint across the finish line (Coyle et al. 1987).
This then leads to the question of when to consume supplement carbohydrates to improve
glucose metabolism.
Ingesting carbohydrates during exercise has become a common practice among athletes
to improve exercise performance by increasing plasma glucose. Typically during exercise, blood
is directed away from the digestive system so that oxygen and nutrients can be delivered to the
muscles. However, if athletes ingest carbohydrates and other nutrients during exercise, blood is
directed to the digestive system to digest and absorb needed fuel and make it available to the
muscle tissue for oxidization and energy production.
Exogenous carbohydrate supplementation during exercise was meant to slow or spare
glycogen degradation in endurance exercise. Unfortunately, glycogen sparing was not supported
in two studies looking at glycogen utilization while providing carbohydrate solutions during
exercise (Jeukendrup et al., 19996; Jeukendrup, 2004). However, providing carbohydrates
during prolonged exercise has positive effects on performance. By ingesting carbohydrate
during exercise, plasma glucose availability is maintained, thereby slowing muscle glycogen
breakdown (Jeukendrup et al., 1999). In this study, 6 highly trained cyclists only performed at
50% VO2max for 120 minutes for 6 trials. A large increase in insulin was seen in response to
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carbohydrate feeding which could have been because the cyclists were so highly trained and
there was an excess of glucose. Typically insulin is not released during exercise. It appears that
carbohydrate feedings during exercise block lipolysis and thus decrease plasma free fatty acid
concentrations (Coyle, Coggan, Hemmert, & Ivy, 1986; Jeukendrup et al., 1999; Jeukendrup,
2004). Coyle et al. (1986) reported an increase in exercise performance when subjects cycled at
70% VO2max until fatigue. Those ingesting CHO during exercise maintained glucose oxidation
to later stages of prolonged exercise and were able to exercise 1 hour longer than subjects that
fasted. This suggests that even when glycogen stores are depleted, increased plasma glucose
allowed the athletes to keep going. It is important to note that the subjects were endurance
trained cyclists that likely had physiological adaptations that allowed them to use other sources
for energy.
Fasting before endurance exercise also contributes to exercise performance and substrate
utilization. The previously mentioned studies on exogenous carbohydrate ingestion included
subjects that fasted before the exercise trials. Based on those studies, highly trained endurance
athletes did not perform as well in trials going to fatigue. There are some beneficial metabolic
adaptations when training in the fasted state. Proeyen et al. (2011a) compared physically active
young males during a 6-week endurance training period that compared isocaloric carbohydrate
rich diets (Van Proeyen, et al., 2011). Fasting was found to enhance IMCL contribution to
energy more than exogenous CHO, but only fasting significantly enhanced IMCL degradation in
type I and type IIa fibers. Although a well-designed study, subjects performed at lower
intensities than that of a trained athlete and the trials were not continued to exhaustion. This
study suggests chronic fasting may be an effective endurance training tool to develop
physiological adaptations that may contribute to increased exercise performance.
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Ingestion plays a very important role in metabolism and endurance exercise performance.
Not only what amount and type of food is consumed but also when it is consumed can determine
performance outcomes. The diet also looks like a promising way to determine chronic
physiological adaptations of muscle in endurance athletes such as increased fat storage in the
muscle in response to a HFD.
Diet effects on endurance performance. Delivery of dietary carbohydrates to the
muscle is the crucial step and appears to be limited by intestinal absorption of monosaccharides
(Duchman et al., 1997; Jentjens, Moseley, Waring, Harding, & Jeukendrup, 2004; Jentjens and
Jeukendrup, 2005). The monosaccharides glucose and fructose are absorbed from the lumen via
the transporters SGLT1 (sodium glucose co-transporter) and GLUT5, respectively, which are
located in the brush border membrane (Ferraris and Diamond, 1989; Ferraris and Diamond,
1997). In order to reach maximal carbohydrate availability during prolonged exercise,
carbohydrate transporters should be saturated and have little competition by providing mixed
carbohydrate sources. There is promising support that the limitations of carbohydrate absorption
may be overcome by use of mixed carbohydrates that are absorbed via multiple transporters
(Jentjens et al., 2004; Jentjens and Jeukendrup, 2005). For example, a glucose + fructose
combination resulted in approximately 50% (Jentjens and Jeukendrup, 2005) more exogenous
carbohydrate oxidation than glucose alone and peaked at 1.75 g/min (Jentjens and Jeukendrup,
2005). Sugars other than fructose can also be used. For example, maltodextrin (glucose
polymer) is a popular oligosaccharide used in many carbohydrate "sport drinks" because it is
easily digested and is absorbed as rapidly as free glucose when ingested with fructose (Wallis,
2005). A comparison of different ratios for the amounts of fructose and maltodextrin added to an
electrolyte solution demonstrated enhanced high intensity endurance exercise performance when
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the ratio was 0.5, with fructose at 50% of maltodextrin (O'Brien and Rowlands, 2011). A more
recent study suggests a ratio of 0.8 is also effective (O’Brien et al., 2013).
There is evidence that high-carbohydrate diets increase exogenous carbohydrate
oxidation (Cox et al., 2010). This suggests that over a prolonged period of time (28 days)
carbohydrate transporters in the intestine may become up-regulated and increase carbohydrate
availability, hence oxidation. Elite marathoners have been able to implement nutritional
strategies into periodized training programs that increased ability to oxidize exogenous
carbohydrate during races (Stellingwerf, 2012)
Gut Responses to Exercise
Complaints of GI Dysfunction. It is apparent that exercise affects the GIT as seen by
the high prevalence of GI complaints in endurance athletes. These symptoms include nausea,
abdominal cramping, diarrhea, GI bleeding, and the urge to defecate (Oktedalen et al., 1992; Pals
et al., 1997; Rehrer et al., 1992b; Riddoch and Trinick, 1988). Among these the urge to defecate
seems to be most common (53%), but other troublesome symptoms like diarrhea and nausea also
occur frequently (38% and 21%, respectively) (Jeukendrup et al., 2000; Riddoch and Trinick,
1988). The numbers of individuals complaining of GI dysfunction after exercise vary widely
depending on the intensity of exercise. GI symptoms are experienced by 43 to 93% of
marathoners and triathletes (Jeukendrup et al., 2000; Rehrer et al., 1992b; Riddoch and Trinick,
1988). Other investigators have reported lower incidences and severity of GI complaints.
Athletes are more likely to experience GI symptoms during or following a “hard” run than an
“easy” run (Riddoch and Trinick, 1988). However, when comparing different exercise
intensities, Pals et al. (1997) reported no experiences of heartburn, nausea, vomiting, or diarrhea
in any of the subjects that exercised at 80% VO2max for one hour. One subject, however, did
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experience abdominal cramps and side aches (Pals et al., 1997). Hence, there is wide variation in
the incidence of reported GI complaints associated with exercise intensity.
GI symptoms also vary depending on age and gender (Riddoch and Trinick, 1988).
Diarrhea and intestinal cramps are more likely to manifest in women than men (Rehrer et al.,
1992b) and younger runners seem to have more trouble than their older competitors (Riddoch
and Trinick, 1988). During one marathon, only 2 out of 38 women were asymptomatic. It is
possible that female marathon runners can even develop ischemic colitis from prolonged running
(Heer et al., 1987).
The cause(s) of the GI complaints has not been determined for any of these studies.
Exercise intensity, gender, and age cause varying reactions of the GIT and endurance exercise
acutely following races. NSAID consumption among marathon runners fails to decrease the
occurrence of adverse symptoms (Smetanka et al., 1999). A better understanding of GIT
symptoms and endurance exercise may lead to healthier athletes and improved performance.
Splanchnic Hypoperfusion. During exercise, blood is redistributed to the working
muscles and skin to provide oxygen and substrates for energy production in the muscles and to
release heat through the skin. When blood flow is diverted from the abdominal organs it is
called splanchnic hypoperfusion. This leaves the GIT with less blood to support its functions
and may result in intestinal injury. This adaptation occurs rapidly with splanchnic hypoperfusion
occurring within the first 10 minutes of strenuous exercise, and reperfusion of blood within 10
minutes following the cessation of exercise (van Wijck et al., 2011). Exercise-induced
splanchnic hypoperfusion results in quantifiable small intestinal injury as seen by increases in
plasma intestinal fatty acid binding protein (I-FABP) and ileal bile acid binding protein (IBABP) levels during exercise. I-FABP is a small, cytosolic protein present in mature
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enterocytes (intestinal absorptive cells) at the upper half of small intestinal villi and is rapidly
released into circulation upon cellular injury (van Wijck et al., 2012). The intestinal injury does
not account for GIT complaints, but is related to increased intestinal permeability.
The severity of splanchnic hypoperfusion is dependent upon exercise intensity. In one
study, splanchnic hypoperfusion occurred after 10 minutes on the cycle ergometer at 100%
maximum heart rate but not at 80% maximum heart rate (Otte et al., 2001). In another study of
endurance athletes specifically referred for GIT symptoms during exercise, GIT ischemia was
experienced in all athletes during maximum intensity exercise, and experienced by 50% during
submaximal exercise (ter Steege et al., 2012). These studies show that the gut rapidly adapts its
blood flow during exercise and budgets blood flow based on severity of demands.
Hyperthermia. Exercise increases body temperature and this may alter GIT
characteristics. Intestinal and colonic sacs prepared from rats subjected to hyperthermic
conditions (41.5 to 42°C) experienced increased intestinal permeability compared with sacs
prepared from rats at normal body temperatures (37°C) (Lambert et al., 2002). Histology
revealed the GIT segments from the heated rats had structural damage to the microvilli and cell
membrane.
Although the higher permeability and tissue damage caused by the heat stress may seem
maladaptive, there is increasing evidence that exposure to prior heat stress can result in
adaptations and improved heat tolerance. Rats exposed to 41°C for 60 min and to 42°C for 15
min showed significant increases in expression of heat shock protein (hsp) 72 by intestinal tissue
(Ruell et al., 2004). Hsp72 expression was related to thermotolerance and potentially improved
the ability to survive lethal levels of hyperthermia (Ruell et al., 2004). Similarly, epithelial cells
exposed to a heat stress of at 42°C for 90 minutes develop a greater resistance to a subsequent
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heat stress based on a lower magnitude of increase in epithelial conductance (Moseley et al.,
1994). The adaptation was associated with increased expression of hsp70. Although the role of
heat shock proteins in the gut is poorly understood, both of these studies provide support for
evidence of thermotolerance adaptations by the GIT in response to increased core temperatures.
Gastrointestinal Function. The GIT stretches from the mouth to the anus and many
digestive functions occur along the entire length. Endurance athletes often consume
carbohydrate and electrolyte drinks during exercise to increase performance and maintain
hydration. Endurance exercise may affect the time it takes ingested food and drink to transit the
GIT, from the mouth to the colon. One study showed that gastro-oesophageal reflux, gastric pH,
gastric emptying and orocaecal transit time (OCTT) did not differ between rest and during the
pre-exercise, exercise, and post-exercise time points in a single bout of prolonged cycling
exercise (van Nieuwenhoven et al., 1999). However, peristaltic velocity during cycling was
increased compared to rest. Although it may seem that there are no gastric adaptations to
endurance exercise, the GIT managed to maintain normal functioning during exercise.
Although no other studies used such a comprehensive approach to evaluate GIT functions
during exercise as van Nieuwenhoven et al. (1999) another study confirmed that gastric
emptying is not effected by exercise. A group of trained and untrained bicyclists performed
exercise trials at rest, 50% and 70% of Wmax (maximal performance capacity determined by an
incremental cycle ergometer test) on the cycle ergometer while ingesting water, two different
commercially available sport drinks, or a 15% glucose solution. There were no differences in
gastric emptying or secretion between trained and untrained subjects. However, the
carbohydrate drinks did appear to empty slower with exercise. Gastric evacuation occurred
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initially at fast-phase rates, but tapered off as volume decreased (Rehrer et al., 1989). Perhaps,
exercise does not affect GI functions, but carbohydrate content does.
Glucose and Water Absorption. The small intestine is the primary site of nutrient
absorption. The absorptive cells, or enterocytes, are columnar with microvilli specialized for
absorption. The microvilli are small, hair-like projections that are extensions of the apical
membrane and give the cell a brush like appearance (DeSesso and Jacobson, 2001). Thus, these
cells are often referred to as having a brush border membrane (BBM). Most glucose absorption
occurs in the jejunum and is considered to be by a combination of carrier-mediated active
transport and passive facilitative diffusion. The active glucose transporter molecule,
sodium/glucose cotransporter 1 (SGLT1) is localized in the BBM. SGLT1 transports glucose
and galactose into the cell in conjunction with Na+, using the electrochemical gradient that favors
Na+ influx and which is generated by Na-K-ATPase (DeSesso and Jacobson, 2001).
Although 90% of glucose is absorbed via SGLT1, 10% of ingested glucose may be
absorbed by paracellular diffusion, though this pathway of absorption is controversial (Pencek et
al., 2003). In mongrel dogs, exercise increases both paths of absorption (Pencek et al., 2003).
After a single exercise bout of 150 minutes, transporter mediated glucose absorption increased
by ~20%, and passive gut glucose absorption increased ~100% compared with glucose
absorption by the rest group. The exercise-induced increase in glucose uptake was truncated
when phloridzin, an inhibitor of SGLT-1 was infused. This proves the GIT adapts to a single
bout of exercise by increasing glucose absorption when SGLT1 is activated.
Absorption seems to be the rate limiting factor of carbohydrate (CHO) oxidation during
exercise. SGLT-1 and GLUT5 are the only two BBM transporters available for monosaccharide
absorption. In order to maximize the provision of dietary glucose to working muscles during
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exercise, SGLT1 needs to be saturated with little competition. Consuming glucose and fructose
in a 1:1 ratio at a rate of 1.2 g/min compared with drinks containing only glucose or only water
during endurance exercise results in approximately 50% more exogenous CHO oxidation than
1.2 g/min of glucose alone (Jentjens and Jeukendrup, 2005). Utilizing different transporters
reduces competition and increases absorption.
Previously, oxidation rate of glucose did not exceed 1 g/min when ingested alone, but
when combined with fructose, glucose oxidation peaked at 1.75 g/min (Jentjens and Jeukendrup,
2005; Jeukendrup and Jentjens, 2000). Maltodextrin is a popular oligosaccharide used in CHO
drinks because it is easily digested and is absorbed rapidly as glucose. A comparison of different
ratios of fructose and maltodextrin solutions showed that the 0.8- and 1.25 ratio of glucose to
fructose substantially enhanced high intensity endurance exercise performance compared to a 0.5
ratio and water (O'Brien and Rowlands, 2011). These data provide evidence that the gut can
adapt during exercise to provide working muscles with glucose when properly saturated.
Another adaptation to high carbohydrate feedings and exercise may be increased quantity
or activity of BBM transporters. Cyclists fed a high-CHO diet over the course of 28 days
experienced higher CHO oxidation rates with exogenous CHO during an exercise trial (Cox et
al., 2010). Although transporter activities were not measured, it may be implied that subjects fed
a high-CHO diet realized higher CHO oxidation rates due to increased transporters or increased
efficiency of existing transporters. This adaptation has yet to be studied.
Athletes consume fluids with CHO while competing to remain hydrated, maintain energy
stores, and improve performance. Yet, total fluid absorption during exercise was not increased
by drinking an electrolyte beverage with 6% CHO relative to a water placebo (Gisolfi et al.,
1998). However, these findings did not account for regional differences in fluid and
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carbohydrate absorption (Lambert et al., 1997). Water is absorbed more quickly in the
duodenum, but less so in the jejunum, whereas CHO absorption is similar for both segments
(Lambert et al., 1997). These studies were performed at a submaximal level of exercise intensity
which may not be high enough to cause hypoperfusion and hinder absorptive processes. The
results do demonstrate the intestine retains the capacity to absorb fluid and glucose during
exercise, despite not revealing the potential adaptations to exercise.
Absorption of glucose is a determining factor of metabolism and exercise performance.
Maximal CHO oxidation during prolonged exercise may be possible by saturating intestinal
CHO transporters and decreasing sugar uptake competition by using mixed CHO’s. Optimal
CHO solutions still need to be determined on the basis of the amounts, types, and proportions of
different sugars. Chronic ingestion of high-CHO diets may also produce GIT adaptations that
increase CHO absorption during exercise. The effects of exercise on glucose uptake via SGLT-1
and other CHO absorption parameters are currently unknown
Intestinal Permeability. The intestines serve as a selectively permeable barrier that
regulates the passage of substrates from the intestinal lumen into the blood stream, while
protecting against harmful pathogens. Intestinal permeability refers to the widening of
paracellular space between enterocytes of the BBM, allowing solutes to pass from the lumen into
the body. Exercise is considered to increase intestinal permeability. Increased permeability is
often considered to be a sign of dysfunction because it can allow bacteria and toxins into the
body, resulting in local and systemic inflammation. However, the intestines should not be
viewed as a static barrier but as a dynamic barrier capable of regulating permeability.
One sign that exercise produces barrier dysfunction is the appearance of toxins in the
blood. Although intestinal permeability was not measured directly, 68% of triathletes
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experienced mild endotoxemia after exercise (Jeukendrup et al., 2000). Endotoxemia is the
presence of toxic lipopolysaccharide (LPS) in the circulation and is associated with intestinal
permeability. Increased endotoxemia, and thus intestinal permeability, after exercise is
prevalent, but there was no correlation with GIT symptoms.
Intestines are more permeable at higher running intensities (80% VO2max) compared
with at rest and at lower running intensities (40% and 60% VO2max) (Pals et al., 1997).
Investigators measured a significant increase in intestinal permeability (p=0.001) following a
marathon (Oktedalen et al., 1992). Control measurements taken 10 weeks following the race
revealed lower permeability than race day values, but even the control values were higher than
expected (Oktedalen et al., 1992). This may suggest a state of chronic inflammation perpetuated
by a continued endurance exercise regimen, despite the absence of a competitive event.
However, even athletes who consume ibuprofen, an anti-inflammatory drug, have higher
permeability rates compared with NSAID non-users and resting controls (p˂0.05) (Smetanka et
al., 1999). The reason for increased intestinal permeability is unknown. Many experts consider
increased intestinal permeability as a sign of barrier dysfunction due to its correlation with many
chronic diseases. These diseases include obesity (Teixeira et al., 2012), food allergies (Fasano,
2011), inflammatory bowel diseases such as celiac disease (CD) (Groschwitz and Hogan, 2009)
and ulcerative colitis (Fasano, 2011), type 1 diabetes (T1D) (Fasano, 2011; Groschwitz and
Hogan, 2009), and possibly even autoimmune diseases like multiple sclerosis (Fasano, 2011).
On the other hand, increased intestinal permeability following endurance exercise may be an
acute adaptation for increasing glucose absorption by using transcellular and paracellular means.
The role of intestinal permeability in exercise has yet to be determined.

46

GI Injury. On rare occasions, intense exercise can induce GIT injury. Endoscopic
evaluation of long-distance runners after a race revealed a >50% incidence of gastric erosions
severe enough to cause bleeding, mainly in the corpus region of the stomach (Oktedalen et al.,
1992). Surprisingly, none of the individuals with gastric erosions complained of experiencing GI
symptoms during the race. One female long distance runner was hospitalized because of bloody
diarrhea (Heer et al., 1987). The investigators proposed that the gastric injuries may result from
decreased mesenteric blood flow.
Summary of GIT Adaptations to Exercise
The results from these studies clearly show that endurance exercise affects the gut in
several ways. On one hand, the gut has no problem continuing digestive and absorptive processes
during exercise. During exercise the gut can maintain gastro-oesophageal reflux, gastric pH,
gastric emptying, OCTT, and absorption of fluid and nutrients despite redistribution of the blood
from the GIT to the working muscles. On the other hand, there is an increase in adverse GI
symptoms, intestinal permeability, and mucosal injury in response to exercise. Unfortunately,
there are no indicators of the causes of these issues, but splanchnic hypoperfusion has been
related with intestinal epithelial damage.
Although we know the GIT responds to exercise, we do not know how the GIT adapts to
endurance exercise. Can the GIT adapt structurally or functionally in response to chronic
exercise to improve CHO availability, and thus, improve endurance exercise performance?
Some of the above data suggest that endurance exercise is bad for digestive organs, but it may in
fact be beneficial. Exercise can reduce the recurrence and mortality of colon cancer (Meyerhardt
et al., 2006), and treadmill running specifically decreases polyp number and size in mice (Mehl
et al., 2005). Exercise also induces several beneficial adaptations to the skeletal muscles to
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improve prolonged exercise performance. These adaptations include changes in muscle fiber
type (Hawley, 2002), increased capillary density (Hawley, 2002; Rivera-Brown and Frontera,
2012) , increased number and size of mitochondria (Rivera-Brown and Frontera, 2012),
increased fat utilization (Hawley, 2002), and increased activity of mitochondrial enzymes
involved in the electron transport chain (Hawley, 2002). These adaptations all favor one goal,
increase oxidative capacity and thus, increased time until fatigue.
Trained competitive long-distance runners rely more heavily on fat utilization for energy
production rather than glycogen (Hawley, 2002). However, endurance athletes can use
supplemental drinks to maintain energy during long races. This allows them to spare glycogen
stored in the muscle so they can run longer at faster speeds. Any adaptations made in the GIT
would increase substrate availability to the muscle for energy production, but how does the GIT
adapt?
Gut Adaptation Models
The gastrointestinal tract (GIT) extends from the mouth to the anus and is responsible for
the digestion and absorption of nutrients, fluid, and electrolytes. The small intestine is a tubular
structure comprised of four layers: the mucosa, submucosa, muscularias externa, and serosa
(DeSesso and Jacobson, 2001). Ingested matter enters the lumen, the space inside the small
intestine, and is absorbed through the brush border membrane covering the surface of the mucosa
layer. Specialized absorptive cells called enterocytes intake nutrients through the microvilli
using numerous transporters for the different nutrients. Once inside the enterocyte, nutrients exit
through the basolateral membrane via another set of transporters into the lamina propria and
enter the circulatory by means of the blood or lymph vessels.
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A major principle of anatomy and physiology is that structure and function are matched.
In order for the small intestine to perform its absorptive function efficiently, the anatomical
structure must provide the necessary absorptive surface area. The human gut accomplishes this
by a combination of villi that protrude from the mucosal surface into the lumen. The surfaces of
villi are covered with absorptive enterocytes with microvilli. Together, the villi and microvilli
effectively increase absorptive surface are by up to 600-fold.
In order to maintain a healthy absorptive epithelium, new enterocytes are created in
crypts located at the base of villi and extend down into the mucosa towards the submucosa. The
crypts include a population of stem cells that are responsible for the proliferation of new
enterocytes, as well as production of paneth cells, goblet cells, and enteroendocrine cells. As the
enterocytes move out of the crypts and migrate up the villi, they differentiate and acquire
digestive and absorptive functions (Ray et al., 2002). Once the enterocytes reach the top of the
villi they undergo apoptosis (programmed cell death) and are released into the lumen (Ray et al.,
2002). This cycle of production, migration, and apoptosis requires 2-4 days (Ray et al., 2002).
Under stress, the gut can adapt to accommodate increased energy needs by accelerating
growth or by altering nutrient transport activity (Ray et al., 2002). Structural intestinal
adaptation is identified as an increase in absorptive surface area (Ray et al., 2002). This includes
increases in the length and weight of the small intestine, lumen diameter, and lengths of the villi
and depths of the crypts, and coincides with enterocyte hyperplasia (Tavakkolizadeh and Whang,
2002). Functional adaptations of the small intestine are seen as enhanced nutrient digestive and
transport capabilities of individual cells (Ray et al., 2002). These adaptations include increases
in BBM enzymes, permeability, and carrier-mediated nutrient absorption (Thiesen et al., 2003).
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There are several models that demonstrate positive structural and functional adaptations of the
GIT to match increases in energy demands and dietary intakes (Ray et al., 2002).
Pregnancy and Lactation. The gut during pregnancy and lactation adapts to increased
nutritional demands. In hamsters, glucose absorption increases and peaks during pregnancy,
falls during lactation, and returns to postpartum levels (Musacchia and Hartner, 1970). Even
though glucose absorption increased, pregnant hamsters had lower blood glucose levels that
corresponded with higher systemic demands. This shows that animal guts adapt during
pregnancy by increasing glucose absorption.
Another study using first parity sheep provided more evidence for structural adaptations
to pregnancy. This study used two diet groups fed the same diet; one group ate calculated
amounts (CONTROL) that met nutritional needs, and one group ate ad libitum (HIGH). Both
groups of pregnant ewes increased body weight (BW) during gestation (Caton et al., 2009). This
was in part due to increased small intestine total and relative weights. Increases in absorptive
area corresponded with the increased intestinal mass. Relative jejunal mass was greater in
CONTROL ewes than HIGH (Caton et al., 2009), indicating that pregnant ewes without extra
food still adapt by increasing absorptive mass. By using the two diet groups, this study showed
that pregnancy alone is a potent stimulus for GIT growth.
Lactating animals also demonstrate adaptation to increased energy demands. Lactating
mothers eat more in order to meet the high energy costs of producing nutrient rich milk (Lam et
al., 2002; Weiss et al., 1998). Lactating mice increased small intestinal mass and length
(Hammond and Kristan, 2000; Lam et al., 2002) coinciding with increased dietary intake (Weiss
et al., 1998). Total intestinal capacity to transport glucose via SGLT-1 increased in response to
the greater small intestine mass (Lam et al., 2002; Weiss et al., 1998). However, there were no
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significant differences in glucose uptake as a function of reproductive demand (Hammond and
Kristan, 2000; Lam et al., 2002; Weiss et al., 1998). Perhaps this is because lactating mice
compensate by increasing energy intake.
Intestinal Resection. One model that allows researchers to look at gut adaptations over
time includes intestinal resection models. In clinical settings, small bowel resection is used to
remove damaged tissue from diseased guts. Although nutritional needs have not increased,
absorptive capacity of the intestine to meet normal nutritional needs is greatly lessened.
Therefore, the question remains as to how the remaining gut adapts to small bowel resection
(SBR).
Resection studies have shown that various intestinal adaptations can occur very quickly.
In fact, structural and functional changes in the remnant bowel can be detected within the first
week following SBR. These changes include increased glucose uptake (O'Connor et al., 1999),
increased villus height (Dekaney et al., 2007; Iqbal et al., 2008; Martin et al., 2009), increased
crypt depth (Dekaney et al., 2007), and increased stem cell proliferation (Dekaney et al., 2007).
When 50% of the small intestine is resected in mice this results in at least a 20% increase in
villus height by the remaining bowel in as little as 1 d post-surgery (Martin et al., 2009).
However, villus height in resected mice is no different than villus height in control mice at 16
weeks following small bowel resection surgery (Dekaney et al., 2007). This means that
increased villus height may be an acute and transient adaptation to SBR.
The section of intestine removed can influence GI adaptations. One SBR study
contrasted the long term effects of 50% proximal versus distal resection in rat intestines. SBR
causes body weights to drop. By 9 weeks following surgery, resected rats are able to make up
for this drop in weight, but through different means depending on the section of remnant
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intestine. Distally resected rats increase body weights by increasing caloric intake (Menge et al.,
1974) while proximally resected rats match control weights by increasing absorption (Iqbal et al.,
2008; Menge et al., 1975; Young & Weser, 1974). These data suggests that different regions of
intestine have different signals for adaptation. For instance in normal intestine, most absorption
occurs in the proximal intestine, leaving the distal small intestine to absorb what is left in the
lumen (Lambert et al., 1997). In the absence of the proximal small intestine, the distal small
intestine increases glucose absorption capacities by increasing SGLT-1 mediated glucose uptake
(Iqbal et al., 2008). And in distally resected rats, increased glucose absorption was observed
without changes in levels of transporters (Menge et al., 1975). These adaptations seem to be
caused by increased luminal nutrition (Menge et al., 1975).
The remnant bowel does not recover full intestinal length or uptake capacities following
SBR (O'Connor et al., 1999; Young & Weser, 1974). Instead, the gut maximizes the absorptive
area of the remaining intestine. After 10 weeks, uptake capacity of 80% resected animals is
restored to only a third of pre-resection capabilities with the increased functional capacities
developing in the first week (O'Connor et al., 1999). When resected animals were left with 14
cm of ileum, after 1 wk the remaining ileum segment had shortened to 12 cm (median, p<0.01).
However, after 4 wks the ileum length had increased to 19 cm (median, p<0.01) (Iqbal et al.,
2008). Although this is a significant increase, it doesn’t fully replace the length of the intestine
removed. Perhaps this is because the remnant gut has a limited ability to increase absorptive
surface area by increasing intestinal mass and diameter (Dekaney et al., 2007; O'Connor et al.,
1999). One study clearly showed the diameter of the remnant intestine increased more than twofold by 16 wks following ileocecal resection (Dekaney et al., 2007). This shows that the gut can
increase absorptive area in the length of remaining intestine.
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Collectively, the small bowel resection studies using animals make it apparent that
structural and functional adaptations occur rapidly, appearing within the first week following
surgery, and that these adaptations maximize the absorptive area and functions of the remaining
intestine. How the remnant bowel adapts may depend on the section of bowel remaining as well
as the amount. Fortunately, these animal studies correlate with those done in humans (McDuffie
et al., 2011), but further research is need to characterize gut adaptations in humans
Cold. Animals in a cold environment require more energy to live. In order to process
the higher dietary loads, the GIT of animals undergoes adaptations. Some of these adaptations
include increased fat mass (p=0.025) (Hammond and Kristan, 2000), increased food intake
(Hammond and Kristan, 2000; O'Connor et al., 1999), increased glucose uptake (Hammond and
Kristan, 2000), and increased small intestine and cecum mass (Hammond and Kristan, 2000;
O'Connor et al., 1999). In resected rats, animals exposed to cold temperatures ate 60% more
than control animals at room temperature. They also experienced a 90% increase in cecum mass
(O'Connor et al., 1999). These results show that cold exposure produces similar and sometimes
greater adaptations compared with those of pregnant, lactating, and small bowel resected
animals.
Dietary Intake. Nutrient transport functions of the small intestine are responsive to
changes in diet composition. A high-carbohydrate chow diet induces higher rates of D-glucose
absorption compared with a no-carbohydrate meat diet (Diamond et al., 1984). Switching mice
fed a low carbohydrate, high protein diet to a chow diet high in carbohydrate caused a rapid,
increase in glucose uptake. These findings indicate intestinal active uptake of monosaccharides
responds rapidly and reversibly to changes in diet composition. But is this functional adaptation
due to increased number of transporters or increased efficiency of existing transporters?
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Increased glucose uptake may be due to changes in the numbers of glucose carriers in response
to carbohydrate content (Cheeseman and Harley, 1991). Therefore, luminal substrate determines
the transport capacity of the gut by upregulating SGLT-1 (Ferraris and Diamond, 1989).
Restrictive diets reveal information about intestinal adaptations too. Rats undergoing a
Ramadan-type fasting diet demonstrated adaptations in BBM enzymes to restricted energy
intake. BBM enzymes alkaline phosphatase, γ-glutamyl transpeptidase (GGTase), and sucrase
all decreased significantly following 30 d of daily fasting (12 h) and refeeding (12 h) (Farooq et
al., 2006). These decreases were due to lower Vmax which is a measure of the maximal velocity
of a reaction. Up-regulating the total number of transporters or increasing the number of
transporting mucosal cells will result in an increase of Vmax (Thiesen et al., 2003). Therefore,
chronic fasting decreases intestinal enzyme rates. This shows that luminal nutrients are needed
to up-regulate BBM enzymes.
Summary of GIT Adaptations to Other Factors. These models of intestinal
adaptations provide examples of gut adaptation in response to stress and changes in diet.
Increased energy demands and dietary intakes associated with pregnancy, lactation, cold
exposure, and the responses to small bowel resection show that animals increase absorptive
surface area when they increase intestinal mass. Small intestine length, however, is not a
significant adaptation found in energy demanding states. These models also show that dietary
intake plays an important role in intestinal adaptation. In many instances, animals that ate more
had a greater magnitude in adaptations including increased organ mass. The gut increases
glucose absorption and transport when introduced to higher levels of glucose in the intestinal
lumen. Together these data show that the gut adapts rapidly (within hours) by increasing

54

transport of glucose, and chronically (over days) by increasing intestinal mass and absorptive
surface area.
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